Powerline network is recognized as a favorable infrastructure for Smart Grid to transmit information in the network thanks to its broad coverage and low cost deployment. The existing works are trying to improve and adapt transmission techniques to reduce Powerline Communication (PLC) channel attenuation and exploit the limited bandwidth to support high data rate over long distances. Two-hop relaying BroadBand PLC (BB-PLC) system, in which Orthogonal Frequency Division Multiplexing (OFDM) is used, is considered in this paper. We derive and compare the PLC channel capacity and the end-to-end Average BER (ABER) for OFDM-based direct link (DL) BB-PLC system and for OFDM-based two-hop relaying BB-PLC system for Amplify and Forward (AF) and Decode and Forward (DF) protocols. We analyze the improvements when we consider the direct link in a cooperative communication when the relay node only transmits the correctly decoded signal. Maximum ratio combining is employed at the destination node to detect the transmitted signal. In addition, in this paper, we highlight the impact of the relay location on the channel capacity and ABER for AF and DF transmission protocols. Moreover, an efficient use of the direct link was also investigated in this paper.
Introduction
Despite the fact that Powerline Communication (PLC) is still a very new medium for data transmission and that the international standards for Powerline Communication are still in the process of being developed and implemented, PLC is becoming a more current method for data transmission. Existing PLC stands as an important technology and communication architecture dedicated to Smart Grid (SG) deployment [1] thanks to its broad coverage and low cost deployment. The existing powerline infrastructure is employed in SG to transmit information together with the electric power. Furthermore, this solution can mainly guarantee high data rate, devices that can be easily connected, broad coverage in the SG, and low cost deployment contrarily to wireless technologies. Consequently, PLC has a core role in SG [2] . The main issue is that powerline is conceived for electrical energy transport and not for data communication.
It is known that the PLC channel exhibits multipath fading and frequency selective behaviors. Furthermore, its characteristics depend on the distance between the transmitter and the receiver [3, 4] . In [3] , the authors have shown that, for high frequency signal propagation and long distances, PLC systems suffer from significant signal attenuation. Moreover, many researches have indicated that PLC channel depends on various parameters, such as network topology, connected loads, and location [5] [6] [7] . Additionally, PLC channel is a noisy channel and according to [8] it can be contaminated by a background noise or narrowband noise or impulse noise where narrowband noise is engendered by broadcast stations and the impulse noise is caused by switching power equipment in the network. The colored background noise is due to the superposition of many noise sources with low power and it spreads out in the allocated frequency band. Consequently, the data transmission for long transmission distances and for high frequencies in PLC systems is an interesting research 2 Wireless Communications and Mobile Computing topic. Orthogonal Frequency Division Multiplexing (OFDM) modulation technique facilitates of the powerline network for the routing of high-speed data thanks to its robustness and efficiency in facing frequency selective and fading channels [9, 10] . The great advantage of OFDM is its plausibility in adjusting the transmission capacity to the channel propagation characteristics for each subcarrier in the frequency band.
Relay communications have been widely studied in wireless networks [11, 12] and it is proved that these techniques enhance spectrum efficiency and data rate. Consequently, many real schemata have recently been suggested to investigate relay communications in PLC systems for spectral efficiency, reliability, and data rate improvements [13] [14] [15] [16] . The common protocols for relaying, such as Amplify and Forward (AF) and Decode and Forward (DF), have been proposed in PLC systems [13, 14, 16] . In [13, 14] authors have derived the capacity of direct link (DL) and AF-based Relay Aided (RA) over frequency selective PLC channels by restricting themselves to a single-carrier system. The authors proved that, compared to DL, RA in PLC system can lead to higher capacity. Furthermore, according to the simulation results, the highest capacity is achieved when the relay node is in the middle between the source and destination nodes.
In [16] , authors studied the channel capacity of OFDM two-hop relaying PLC systems for Medium-Voltage (MV) powerlines for AF and DF protocols, over three wires, depending on the expectation of the noise at the destination node. Their researches have been performed for different MV topologies access networks for urban and rural environments [17] . The authors used the scattering-matrix (SM) method [18] to determine the channel responses resulting from cascade serial network modules. They studied channel capacity for OFDM two-hop relaying systems for two scenarios. In the first scenario, denoted by TDR (Time-Division Repeater), the relay retransmits, during the second time slot, the signal received from the source node during the first time slot by performing AF or DF protocol to the destination node. During the second scenario, denoted by TCR (Time-Division Cooperative Relaying), the source node sends signal to the destination and relay nodes in the first time slot. Then, the destination node receives, in the second time slot, signals from the source and the relay nodes. They suppose that the relay node decodes correctly the received signal from the source node in the DF protocol. Note that the authors did not perform a combination technique at the receiver to detect the transmitted signal and they did not consider the same allocated power at the relay node in the second time slot for AF and DF protocols. Numerical results, presented in [16] , prove that the channel capacity over MV network of DF protocol is nearly identical to that reached for the AF protocol in the first scenario (TDR), but it is higher in the second scenario (TCR).
In this paper, we derive the channel capacity of a cooperative communication for OFDM-based BroadBand-(BB-) PLC system which operates in the high frequency band MHz] based on the signal attenuation model for AF and DF protocols noted by PLC-AF and PLC-DF, respectively. We also derive the end-to-end Average Bit Error Rate (ABER) expression for OFDM-based two-hop relaying PLC-AF and PLC-DF systems. To the extent of our knowledge, this is the first research work that is investigating this subject. Our main contributions, compared to the previously cited works, are mainly the following: (i) To evaluate the contribution by using the direct link for two-hop relaying PLC systems based on the signal attenuation model, we considered two scenarios (with and without direct link) for OFDM-based two-hop relaying PLC-AF and PLC-DF systems. So, during the first scenario, the source node sends signal to the relay node during the first time slot; then the relay node proceeds to the AF or DF protocol on the received signal and transmits it in the second time slot to the destination node. In the second scenario, the source node transmits signal to the relay and destination nodes in the first time slot; then the relay node transmits the received signal according to AF or DF protocol in the second time slot to the destination node.
(ii) Since in the second scenario the destination node receives two signals after two time slots for OFDMbased two-hop relaying PLC-AF and PLC-DF systems, therefore it uses the maximum ratio combining (MRC) technique to recover the original signal. Then, we derive the expressions of MRC output signal at the destination node in the second scenario for AF and DF protocols.
(iii) Compared to [16] , we suppose in the two investigated scenarios for OFDM-based two-hop relaying PLC-DF system that the relay node can transmit the decoded signal to the destination node in the second time slot only if it decodes correctly the received signal from the source node.
(iv) Compared to [13, 14, 16] , we consider in this paper a summary for a cooperative communication in PLC systems where we propose to evaluate the channel capacity and ABER performances by varying the relay position for the two considered scenarios for OFDM-based two-hop relaying PLC-AF and PLC-DF systems.
Moreover we propose a solution based on data signal assignment indices permutation over the subcarriers to optimize the use of direct link in the second scenario for OFDM-based two-hop relaying PLC-AF and PLC-DF systems to improve the channel capacity and ABER performances. Furthermore, we assumed in this paper an Additive White Gaussian Noise (AWGN) model for the disturbance. We are aware that AWGN is a theoretical model for the noisy PLC channel [8] but it is sufficient here for simplicity of presentation and analysis. The remainder of this paper is organized as follows. In Section 2, we briefly describe the PLC channel, the system model, and the studied protocols. In Section 3, we derive the channel capacity and ABER expressions for OFDM-based relaying systems for the AF and DF protocols for the two scenarios. Section 4 demonstrates the performance gain of our approach, via simulation. Finally, Section 5 concludes the paper.
Notation. In the sequel, we will use the superscripts ⋅ * to denote element-wise conjugation and E[⋅] to denote the expectation operator.
PLC Channel and System Model

PLC Channel.
The literature proposes two categories of powerline channel models: the transmission line (TL) model [19, 20] and the multipath model [3, 4] . In this paper, we exploited the theory of transmission lines or multipath model for modeling powerline channel in SG since it is an approach frequently considered in the literature. An approximate expression of the transfer function of PLC channel ( ) implicates empirical parameters: 0 , 1 , and [3] . With reference to this model, ( ) has the following expression:
where −( 0 + 1 ) denotes the overall attenuation and
is the delay of the wave and is the propagation delay. The resulting expression includes two parameters to evaluate the global attenuation. The parameter 0 is the dependency of the attenuation with the length whilst the frequency selectivity is managed by 1 and . It is obvious that the attenuation becomes increases for the highest frequency and the longest distance between the transmitter and the receiver [3, 4] .
System Model.
In this paper, we investigate an OFDM system based on two-hop relaying system (see Figure 1 ), where we consider three nodes: the source, the relay, and the destination nodes denoted, respectively, by S, R, and D. The relay node is between the source and destination nodes in the powerline. Consequently, the source-relay distance SR and the relay-destination RD distance have a sum which is equal to the source-destination distance SD . The source node sends data to the destination and is assisted by the relay node. We suppose that the relay node operates in half-duplex mode, so it cannot transmit and receive at the same time.
Since we used OFDM technique, the total system bandwidth, denoted by , is split seamlessly into subcarriers. Accordingly, the bandwidth of each subcarrier is Δ = / and, on each subcarrier, the channel is supposed to be frequency-flat. In such architecture, the relay node receives the data from the source node and resends it to the destination node in two different time slots. All the subcarriers in the first time slot were served to the source for transmission. 
Scenarios
Time slot
During the second time slot, the relay node forwards the received signal to the destination node where AF or DF protocol is used and the total system bandwidth is used. For the AF protocol, the relay amplifies the received signal and transmits it to the destination node. For the DF protocol, the relay node must decode correctly the received signal from the source node to transmit the decoded signal to the destination node in the second time slot; otherwise it remains silent. For OFDM-based two-hop relaying following AF and DF in PLC systems, the transmission can be achieved through two scenarios summarized in Table 1 .
In scenario 1, the source node transmits signal to the relay node during the first time slot. Then, the relay node amplifies and forwards or decodes and forwards the received signal from the source node to the destination node during the second time slot. In scenario 2, during the first time slot, the source node transmits signal to relay and destination nodes. In the second time slot, the relay node amplifies and forwards or decodes and forwards to the destination node the received signal.
The channel coefficients of the th [ ] as variance which are received during the first and second time slots, respectively, at node with ∈ {R, D} on the th subcarrier. We realize that AWGN is a simple representation for the PLC noise model but it is sufficient for the studied system (Figure 1 ) to analyze channel capacity and the ABER for PLC system according to the signal attenuation model. We suppose, for the rest of paper, that the noise variance is constant; that is,
Amplify and Forward (AF) Protocol.
In this section, we illustrate the signal models for OFDM-based two-hop relaying PLC-AF systems in the two scenarios. For the first scenario, that is, without the direct link S-D, the received signal at the relay node during the first time slot at the th subcarrier is expressed as
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Then, the relay node amplifies the received signal by a gain
and forwards it to the destination node during the second time slot. Therefore, the received signal on the th subcarrier during the second time slot at the destination node has the following expression:
where the noise term̃1 ,D [ ] on the th subcarrier is expressed as
In the second scenario (i.e., with direct link) the received signals during the first time slot on the th subcarrier for the OFDM-based two-hop relaying PLC-AF systems at the relay node, denoted by
2,AF
SR [ ], are defined by expression (2). The received signal from the source node at the destination node has the following expression:
The relay node amplifies the received signal from the source node on the th subcarrier by the factor [ ] and transmits it to the destination node and this is achieved during the second time slot, . So, the received signal during the second time slot at the destination node from the relay node, denoted by (3) . Since after two time slots the destination node D has received two versions of the original signal (i.e., from the relay and source nodes), therefore, it fuses the received signals from the source node S and the relay node R in order to identify transmitted signal. This is optimally achieved by applying MRC technique [21] . It results in the fact that the combined signal at the MRC on the th subcarrier can be expressed as 
Decode and Forward (DF) Protocol.
In this section, we present the signal models for OFDM-based two-hop relaying PLC-DF system in the two scenarios. In the first scenario, the received signal from the source node during the first time slot on the th subcarrier at the relay node is expressed as
Then, the relay node decodes the received signal to recover the transmitted one from the source node during the first time slot. If the relay node is able to decode correctly the received signal, it forwards the decoded signal to the destination node during the second time slot. Otherwise, the relay node does not send any signals. Therefore, an ideal Cyclic Redundancy Check (CRC) code [22] should be incorporated so that the relay can decide even if the transmitted signal is correctly decoded or not. Then, the received signal at the destination node during the second time slot on the th subcarrier has the following expression:
Regarding parameter , it is fixed to 1 when the relay decodes correctly the received signal from the source node during the first time slot; otherwise = 0.
In the second scenario and during the first time slot, the source node transmits signal to the relay and the destination nodes. After that, the received signal for OFDM-based twohop relaying PLC-DF system at the relay node on the th subcarrier, (7) . We deduce the expression of the received signal at the destination node on the th subcarrier as
As previously outlined in the first scenario, if the relay node is able to decode correctly the received signal, it will forward the correctly decoded signal to the destination node during the second time slot on the th subcarrier. Otherwise it will not send any signals or it will be idle. So, the received signal during the second time slot on the th subcarrier at the destination node, denoted by (8) . The combined signal at the MRC on the th subcarrier can be expressed as in (6) with weighting factors
Consequently, the combiner output signal at destination node is expressed as
Performance Analysis
This section highlights the added value and advantages of cooperation through capacity and ABER metric for OFDMbased two-hop relaying PLC-AF and PLC-DF systems and the use of the direct link in this cooperative communication.
Wireless Communications and Mobile Computing 5 3.1. System Capacity Evaluation. The capacity is an important metric which represents the maximum amount of information that can be transmitted per channel use. So, in this section, we analyze channel capacities in the two proposed scenarios in order to emphasize from derived equations, subsequently in Section 4, the contribution of the direct link (i.e., scenario 2). We suppose that the OFDM receivers have knowledge of the Channel State Information (CSI) and are perfectly synchronized. For OFDM systems, the total capacity corresponds to the sum of the achieved capacity on each subcarrier so it can be expressed as follows:
where [ ] is the effective Signal to Noise Ratio (SNR) at receiver on the th subcarrier and ∈ {R, D}.
Amplify and Forward (AF) Protocol.
For the first scenario, we derive (from (11) which represents the received signal at the destination node) the effective SNR, that is,
at the destination node after two time slots on the th subcarrier,
where
We deduce the expression of
It results in the fact that the channel capacity on the th subcarrier can be expressed as
The factor 1/2 is due to the fact that the information is transmitted to the destination node on two time slots.
In the second scenario, we can calculate from (6) and (13) the effective received SNR at the destination node on the th subcarrier, denoted by 
It results in the fact that the channel capacity of the th subcarrier can be calculated as
Decode and Forward (DF) Protocol.
In the first scenario, we define the maximum achievable capacity for the OFDMbased two-hop relaying PLC-DF system at the th subcarrier as follows:
In the second scenario and after two time slots, the destination node receives signals from the source and the relay nodes in the first and second time slots, respectively. Then, as we already noted, the destination node uses MRC processing. Therefore, we define the maximum achievable capacity at the th subcarrier as follows:
We note that the first term in (18) corresponds to the maximum rate at which the relay efficiently decodes the message sent from the source node. The second term, however, refers to the maximum rate based on which the destination node can reliably decode the original signal resulting from replicated transmissions from the source and the relay nodes.
ABER Performance Analysis.
Another important metric is the Bit Error Rate (BER). Since the BER could be different for each subcarrier, we derive in this section the end-toend Average BER (ABER) expressions for OFDM-based two-hop relaying PLC-AF and PLC-DF systems for BPSK modulation at the destination node in the two previously detailed scenarios. We believe that this is the first work that proposes to evaluate the ABER for OFDM-based two-hop relaying PLC-AF and PLC-DF systems.
For an instantaneous SNR [ ] on the th subcarrier at the destination node, the BER for BPSK modulation is expressed as
is the Gaussian -function [23] . Since the BER could be different for each subcarrier, then the end-to-end Average BER (ABER) of an OFDM PLC system at the destination node is defined as follows:
Amplify and Forward.
We derive in this section the expressions of ABER in the two scenarios (with and without S-D link), denoted by 1,AF and 2,AF , respectively. By using the effective SNR at the destination node expressions previously calculated in (13) and (15), we deduce the expressions of 1,AF and 2,AF :
Decode and Forward.
In this paragraph, we derive analytic expression for ABER at the destination node for the two scenarios, denoted by 1,DF and 2,DF . In the first scenario, that is, without S-D link, the relay node transmits to the destination node until it correctly decodes the received signal from the source node. Otherwise, it does not send any signals. So, it decodes the received signal SR [ ] and judges whether it is correctly decoded or not by using CRC code during the first time slot. Thus, the relay node R may, or may not, correctly decode the received signal. Clearly, at R, an error event R and a non-error event R will affect the recovered signal at the destination node D. We denote by ( R ) the probability of an error event R at the relay node R and by ( R ) its complement, that is, the probability of a correct decision at the relay node R such that ( R ) = 1 − ( R ). The destination node receives a signal when the relay node correctly decodes the received signal and this event has an occurrence probability equal to ( R ). Otherwise the destination node did not receive any signals from the relay node when this latter could not correctly decode the received signal with the probability ( R ). This event has an occurrence probability equal to 0.5. Consequently, the error probability at the destination node D has the following expression:
where ( D | R ) is the error probability at the destination node D when the relay node R decodes correctly the received signal. In the case of a BPSK modulation, the error probability at the relay node R on the th subcarrier has the following expression:
Recalling that the probability of the correct decision at the relay node R on the th subcarrier ( R )[ ] is equal to 1 − ( R )[ ], then it is expressed as
The error probability at the destination node D on the th subcarrier when the estimation at the relay node R on the th subcarrier is correct is given by
It results in the fact that ( D )[ ] is defined as
and 1,DF is deduced as
In the second scenario, that is, with S-D link, the destination node receives signals from the source node in the first time slot and from the relay node in the second time slot only when it can correctly decode the received signal from the source node. If the relay recovers correctly the received signal, which occurs with a probability equal to ( R ), then the effective SNR at the destination node is deduced from (10); that is, is deduced as
Simulation Results
To afford quantitative testing of the end-to-end channel capacity and ABER of the different performed scenarios (i.e., with and without S-D link) for AF and DF protocols, we contemplate a PLC line topology similar to the one depicted in Figure 1 which represents a linear three-node arrangement of PLC-SN network. The simulation parameters are provided in Table 2 . In this paper, the experimental values 0 , 1 , and for the signal attenuation model for different transmission distances are defined in [3] .
Numerical Results.
As previously stated, the signal attenuation in PLC systems is significant for long transmission distances. So, to show this impact on channel capacity, this effect is illustrated in Figure 2 in the case of an OFDM-based DL-PLC system. As it can be clearly observed, the channel capacity decreases dramatically when the source-destination distance increases and when / 2 decreases. This result is obvious since the channel capacity is proportional to the logarithm of the effective SNR at the destination node given by (11) . Figure 3 shows the channel capacity for OFDM-based two-hop relaying PLC-AF system in the two previously detailed scenarios for different relay location ratios SR / SD when communication distance SD is equal to 100 m, 200 m, and 300 m and / 2 = 20 dB. We note that the highest system capacity is achieved when the relay node is betwixt the source and destination nodes. This can be explained by the fact that the end-to-end SNR
1,AF D
in (13) in the first scenario has a symmetric expression with respect to the SNR of S-R link ( SR ) and the SNR of R-D link ( RD ). Besides, the contribution of the direct link to the channel capacity performance is important when the communication distance decreases. This proves that the direct link, that is, scenario 2, does not lead to a significant enhancement in channel capacity compared to the first scenario, that is, without direct link, for the long communication distances. Figure 4 illustrates the performance in terms of channel capacity for OFDM-based two-hop relaying PLC-DF system in the two scenarios and for various relay location ratios. We calculated the channel capacity for the same communication distance values, that is, SD = 100 m, 200 m, and 300 m, and for / 2 = 20 dB. It is clear that the maximal capacity is attained when the relay is amid the source and destination nodes, that is, SR / SD = 0.5, for the two scenarios. This result stems from the fact that channel capacity in the first scenario (see (17) ) is influenced by the harmful SNR between the S-R link ( SR ) and the R-D link ( RD ). In the second scenario (see (18) ), it depends on the worse SNR between the S-R link ( SR ) and the sum of SNR on the R-D and S-D links ( SD + RD ). We also note, for OFDM-based two-hop relaying PLC-DF system, from Figure 4 that the second scenario, that is, with S-D link, supplies an improvement for channel capacity compared to the first scenario especially when the relay node is near the source node, that is, SR / SD ≤ 0.5, and for low communication distance values, that is, SD = 100 m.
From Figure 5 , we note that when the effective SNR at the destination node / 2 increases, the channel capacities improve for OFDM-based PLC-AF and PLC-DF systems in the two scenarios regardless of the communication distance. We note also that for a given communication distance the channel capacity for OFDM-based PLC-DF and PLC-AF systems is very close. Figure 6 represents the ABER for OFDM-based DL-PLC system when SD is equal to 100 m, 200 m, and 300 m and when / 2 varies. We remark that the ABER of the direct links is very bad especially when SD increases. Therefore, we are interested in analyzing the ABER in a cooperative communication for the OFDM-based two-hop relaying PLC-DF and PLC-AF systems. Figure 7 shows the ABER performance in the two scenarios for OFDM-based two-hop relaying PLC-AF system when SD = 100 m, 200 m, 300 m and / 2 = 30 dB. We note that ABER performances are not significantly improved compared to direct link (see Figure 6 ) and particularly for low communication distance values, that is, SD = 100 m, and when the relay node is amid the source and destination nodes. We also note that ABER performances in the two studied scenarios are very close. ABER performances for OFDM-based two-hop relaying PLC-DF system for the two considered scenarios are presented in Figure 8 . We note that the ABER performances are significantly improved compared to those reached for OFDM-based DL-PLC and two-hop relaying PLC-AF systems and they depend directly on the relay location, the considered scenario, and the communication distance. It is clear that the optimum relay location ratios depend on the communication distance values SD ; that is, for SD = 100 m, 200 m, and 300 m when / 2 = 30 dB the optimal relay location ratios are approximately 0.55, 0.75, and 0.9, respectively. We remark that the ABER performances are very close for the two considered scenarios.
From Figure 9 , we note that when the effective SNR at the destination node / 2 increases the ABER is improved dramatically for OFDM-based PLC-AF and PLC-DF systems in the two scenarios especially for low communication distance. We note also that for a given low communication distance, that is, SD = 100 m, the reached ABER for OFDMbased PLC-DF system is better than for PLC-AF system.
Performances Improvement.
As aforementioned, since in the second scenario the destination node receives two versions of the original signal received from the source and the relay nodes during two time slots, we used at the destination node the MRC technique. The latter allows us to estimate the transmitted signal for OFDM-based two-hop relaying PLC-AF and PLC-DF systems. According to the obtained simulation results, we noticed that the use of direct link, that is, scenario 2, did not significantly improve the channel capacity and ABER performances for the considered scenarios. By analyzing the capacities expressions calculated in (16) and (18) and the ABER expressions in (22) and (30), we notice that the direct link, represented by SD in the cited equations, directly affects the capacity and ABER performances. To optimize the use of direct link, we propose a solution based on data signal assignment indices permutation over the subcarriers. This solution aims to maximize the effective SNR calculated from the combined output signal at the destination node in order to improve the capacity and ABER. The choice of this solution is easily justified by the fact that PLC channel attenuation dramatically increases with frequency. By analyzing (16) , (18), (22) , and (30) and since the signal attenuation decreases linearly with frequency and communication distance (see Figure 10) , the proposed solution aims to reduce these effects. Consequently, the proposed permutation principle is based on order inversion of the transmitted signals indices during the transmission over the direct link by the source node to the destination node. For instance, if data signal is transmitted on the th subcarrier by the source node and the relay node over S-R, S-D, and R-D links during the first and second TS, respectively, according to the proposed solution this data signal will be transmitted on the th and ( − + 1)th subcarrier, over {S-R, R-D} and S-D links, respectively. Consequently, the received signals during the second time slot from the source node on the th subcarrier at the destination node in the second scenario for the OFDM-based two-hop relaying PLC-AF and PLC-DF systems have the following expression: It results in the fact that the channel capacity and the ABER expressions on the th subcarrier, with (1 ≤ ≤ ), for the OFDM-based two-hop relaying PLC-AF system are identical to 2 Figures 11 and 12 compare the channel capacity for the previously studied scenarios where in the second scenario we applied the proposed solution by permuting the subcarrier indices. We note that this proposed solution improves significantly the channel capacity for the second scenario especially for low communication distance values; that is, SD = 100 m for OFDM-based two-hop relaying PLC-AF and PLC-DF systems.
We also notice an enhancement in the ABER performances when the improvement solution is used and this is illustrated in Figures 13 and 14 . Accordingly, when we use the proposed optimization process the ABER performances are improved especially for the low communication distance values; that is, SD = 100 m for OFDM-based two-hop relaying PLC-AF and PLC-DF systems. Figure 15 illustrates the channel capacity for the previously studied scenarios, for OFDM-based two-hop relaying PLC-AF and PLC-DF systems, on which we applied the proposed solution for the second scenario where we permute the subcarrier indices. We note that this proposed solution significantly improves the channel capacity for the second scenario (compared to the illustrated results in Figure 5 ) especially for low communication distance values; that is, SD = 100 m for OFDM-based two-hop relaying PLC-AF and PLC-DF systems.
From Figure 16 we note that the ABER performances are improved for the second scenario for OFDM-based two-hop relaying PLC-AF and PLC-DF systems when the improvement solution is presented. Additionally, it is clear that the ABER reached for OFDM-based two-hop relaying PLC-DF system are better than those for PLC-AF system. 
Conclusion
In this paper, we derived the channel capacity and ABER expressions for OFDM-based two-hop relaying PLC-AF and PLC-DF systems for the two scenarios, that is, with and without direct link (DL), to study the performance in terms of channel capacity and ABER. We proved that the use of a relay halfway between two communicating nodes can drastically improve the channel capacity and ABER performances compared to an OFDM-based DL-PLC system. We also proved that varying the relay location, between source node and destination node and the scenario, has a significant impact on the channel capacity and ABER performances. Numerical results demonstrated that the highest channel capacity is reached when the relay node is in the middle between the source and the destination nodes for OFDM-based two-hop relaying BB-PLC-AF and BB-PLC-DF systems for the proposed scenarios, which confirms our expectations. Moreover, we also note that the lowest ABER is achieved when the relay node is betwixt the source and destination nodes for OFDMbased two-hop relaying PLC-AF system in both scenarios. We noticed that the use of the direct link, that is, scenario 2, does not improve significantly channel capacity and ABER performances. Therefore, we proposed a new original process to improve the use of direct link in order to maximize the effective SNR calculated from the combiner output signal at the destination node. This solution considerably improves the channel capacity and ABER performances especially for the low communication distance value. For future work, we will attempt to combine the studied protocols with adequate channel encoding to improve the channel capacity and ABER performances in realistic noise models.
